We measure the mode-resolved direction of the precessional motion of the magnetic order, i.e., magnon polarization, via the chiral term of inelastic polarized neutron scattering spectra. The magnon polarisation is important in spintronics, affecting thermodynamic properties such as the magnitude and sign of the spin Seebeck effect. The observation of both signs of magnon polarization in Y3Fe5O12 also gives direct proof of its ferrimagnetic nature. The experiments agree very well with atomistic simulations of the scattering cross section.
Spin waves, the elementary excitations of magnetic order in condensed matter, are quantized into "magnons," bosons carrying energy, linear momentum, and spin angular momentum. According to classical (the Landau-Lifshitz equation) and quantum mechanics, a magnetic moment precesses counter-clockwise around an applied magnetic field. We define this motion to be "positively" polarized. The collective excitations of the magnetic order in simple ferromagnets also precess only counterclockwise; hence, all ferromagnetic magnons have a positive polarization ( Fig. 1(a) ). Simple collinear antiferromagnets have two magnon modes with opposite polarization ( Fig. 1(b) ), but these are degenerate unless large magnetic fields are applied. This impedes the possibility of observing the two polarizations. Simple ferrimagnets have two anti-aligned sublattices and also support two magnon polarizations, but the inter-sublattice exchange field naturally separates the branches of opposite polarization into acoustic and optical modes ( Fig. 1(c) ). Since the energy gap between these modes can be large, spectroscopic studies have the potential to observe this polar character. A direct experimental proof of the opposite polarization of the magnons over the exchange gap is missing, however.
The iron-based garnet Y 3 Fe 5 O 12 (YIG) is a ferrimagnetic insulator with a complex structure ( Fig. 1(d) ) and is an essential material for microwave and optical technologies [1] and also for basic research in spintronics, magnonics, and quantum information [2] . One reason is that it has the highest quality magnetization dynamics among known magnets-resulting in long magnon lifetimes [3] . The gap separating optical and acoustic modes is of the order of the thermal energy at room temperature. A maximum of the spin Seebeck voltage in YIG near room temperature [4] has been interpreted in terms of the competition between magnons of different polarization [5] . Even though it affects material properties, the different polarization of acoustic and optical magnon modes has never been measured.
Inelastic neutron scattering is the method of choice to measure the magnon dispersion across large areas of reciprocal space, and the magnon dispersion in YIG has previously been measured by unpolarized neutrons [6] [7] [8] . The unit cell contains Fe 3+ local moments with spin S = 5/2 in tetrahedral and octahedral oxygen cages with opposite spin projection in a ratio of 3:2, giving a net magnetization. At low temperatures, YIG behaves like a simple ferromagnet with quadratic magnon dispersion. At higher temperatures, non-parabolicities become apparent, and optical modes start to become occupied. In his Lectures, Feynman claimed YIG was a regular ferromagnet rather than a ferrimagnet [9] . This claim contradicts our general understanding [5, [10] [11] [12] [13] , but cannot easily be refuted without a signature that can differentiate between the two. We use polarized neutron scattering to measure the polarization of different modes in YIG. We find negatively polarized modes over the exchange gap, as well as the positive acoustic mode, proving that YIG must be a ferrimagnet, and Feynman's assertion was incorrect. Polarized neutron scattering has been used to separate the magnetic and nuclear contributions to scattering cross sections [14] . It can differentiate magnon creation and annihilation processes [14] , which relates to the magnon polarization because the total spin of magnon plus neutron must be conserved in the scattering process. The symmetry of magnetic fluctuations can also be directly investigated [15] . More recently the "chiral terms" [16] were used to measure chiral magnetic order [17] and excitations in paramagnetic [18] and chiral phases [19] . The chirality observed in these studies is a spatial variation of the non-collinear magnetic moments caused by effects such as geometrical frustration and Dzyaloshinskii-Moriya spin-orbit interactions. Here we aim for a different property-the intrinsic polarization of the magnetic excitations in a collinear magnet.
Resolving the magnon polarization is difficult because of the low scattering intensities. The chiral terms can only be measured when the applied field and equilibrium magnetization are aligned with the scattering wave vector Q. Magnetic neutron scattering can only detect the spin components perpendicular to this quantization axis, and these projections are tiny. Besides, the signal is contaminated by imperfections in the polarizers and flippers, which are needed to select the incident and scattered neutrons (see Fig. 1 (e)). We must also use high-energy (thermal) neutrons-sacrificing low momentum transfers-to reach the 60 meV energy transfers required to measure the optical modes. A balance must be struck to maximize the scattering intensity with respect to the magnetic structure and form factors (decreasing with Q). The large number of non-magnetic atoms in YIG plays in our favor because there are scattering vectors where structural (phonon) scattering is negligibly small-the nuclear structure factor is minimized-but magnetic (magnon) scattering is still present. Measurements around the (4, 4, −4) reflection were anticipated to most likely lead to success. Our first and only partially successful attempt on a different instrument (HYSPEC at Oak Ridge National Laboratory) highlights some other points of difficulty in this learning process [20] .
The setup of the neutron scattering instruments with the applied field parallel to Q (H Q x), as used on the neutron triple-axis spectrometer IN20 at Institut Laue-Langevin, France, is depicted in Fig. 1(e) [21] . The scattered neutrons are recorded in four channels:
is the intensity of i in-coming and o outgoing neutrons with +/− neutron polarization [22] .
From the four channels, the non-magnetic nuclear (N ), magnetic (M = M y + M z ), and chiral (M ch ) spectra can be extracted through the combinations:
where N Q N † Q ω and M Qα M † Qα ω (α = y, z) are the spatiotemporal Fourier transforms of the nuclear-nuclear and spin-spin correlation functions, respectively. M ch describes the chiral (or antisymmetric) correlation function within the yz-plane, and is proportional to the Stokes parameter [10] . Phonon and magnon scattering have previously been separated in YIG in terms of the nuclear and magnetic spectra [6, 7] . The chiral contribution M ch contains the new information about the magnon polarization and forms the main result of our study. Figure 2 (a)-(d) shows the raw data accumulated in each of the channels. Sufficient intensity could only be obtained due to the large neutron flux available and the large spins in YIG. The difference between I +− x ( Fig. 2(a) ) and I −+ x ( Fig. 2(b) ) is immediately apparent in terms of peaks appearing in either one channel or the other. The magnetic (M ) and chiral (M ch ) combinations are shown in Fig. 2 (e) and 2(f). Some peaks are clearly positive and others negative, revealing the polarization of the magnon branches.
At T = 293 K, the acoustic and optical modes are separated by a direct gap of 25 meV at the center of the Brillouin zone, and their polarizations are opposite. For negative energy transfer, the scattered neutrons gain energy by absorbing magnons (anti-Stokes scattering), which corresponds to an inverted polarization (−3 meV, dark blue in Fig. 2(f) ), obeying the principle of detailed balance.
We summarize the results of many scans in Fig. 3 . The nuclear response is very weak (Fig. 3(a) ) as intended: the (4, 4, −4) intensity is four orders of magnitude smaller than that of the strongest nuclear Bragg peak (0, 0, 4). The imperfections of the neutron polarization and flippers may cause the remaining weak signals, but there are almost no signatures of phonon excitations. The magnetic response in Fig. 3(b) is equivalent to unpolarized neutron scattering, which is conventionally used to measure magnon spectra. The dispersion and occupation of the magnon modes are visible and agree well with previous experiments.
M ch is plotted in Fig. 3(c) . The dispersion is the same as in the magnetic response, but the sign (color) of the signal distinguishes the polarization of the modes. The red acoustic mode has the "positive" polarization (counter-clockwise with respect to the field), whereas the blue optical mode is the exchange-split mode that precesses in the opposite (clockwise) direction.
We compare the measurements with the polarized neutron partial differential cross section calculated using atomistic spin dynamics with quantum statistics [5, 20, 23] . We convolute the calculated cross section with an approximated instrument resolution, which causes a significant broadening of the modes [20] . Figure 3(d) shows the simulated M ch cross section, which shows an excellent agreement with the experiments.
We measured a large number of points on the two magnon branches and also measured an optical mode with positive polarization by moving to the (6, 6, −4) Brillouin zone (Fig. 4(c) ). Peaks were extracted using resolution convoluted fits, which are plotted on top of the calculated scattering cross sections ( Fig. 4(a),4(b) ). We find almost perfect agreement between experiment and theory for both the nearly flat magnon mode at 50 meV ( Fig. 4(c) ), and the acoustic and optical modes below 35 meV ( Fig. 4(d) ). The magnon polarization of the localized (flat) mode is positive, in agreement with the calculations (Fig. 4(a),4(b) ), highlighting the ability to measure polarization anywhere in reciprocal space. The M and M ch signals in Fig. 4(c √ 3πa −1Å−1 ). Note that some scans miss the I ++ channel, which is approximated by I −− . The chiral term is compared with (d) the calculated resolution convoluted partial differential scattering cross section at 293 K [20] .
The polarization can be understood for the uniform modes-in a two sublattice macrospin model [20] . One of the eigenenergies of the ferrimagnetic Hamiltonian [24] is zero, while the other gives the optical (exchange) gap. The corresponding eigenoscillations are depicted in Fig 1(c) : the acoustic mode is a coherent right-handed circular precession in which M tet and M oct are strictly antiparallel, while the optical mode is a left-handed circular precession with finite canting angle, consistent with the observed M ch . The gap between optical and acoustic modes in ferrimagnets is caused by the exchange field between the sublattices [25] . The optical gap closes with increasing temperature since thermal spin fluctuations reduce the sublattice magnetizations. We measured this gap down to 10 K. Our results agree well with previous measurements [6] and calculations [23] (Fig. 4(e) ).
The optical gap is important for the thermodynamic and transport properties of YIG around and above room temperature, such as the spin Seebeck effect. Magnon modes are thermally occupied below E = k B T (shaded area in Fig. 4(e) ). At low temperatures, only the acoustic mode is occupied, but at room temperature, the optical mode with the opposite polarization plays a significant role. The thermal spin motive force or "spin pumping" that governs the spin Seebeck signal is proportional to the integrated energy times the chiral correlation function [26] to which the acoustic and optical modes contribute with opposite sign. This is illustrated by Fig. 4(f) , in which the total spin pumping signal is clearly not the sum of that from Fe tet and Fe oct moments, but reflects the increasing importance of the negative polarization of optical magnons on heating. Our model is validated by experiments [4] , in which the spin Seebeck voltage as a function of increasing temperature drops much faster than the magnetization. The dc spin Seebeck effect generated by thick magnetic layers is believed to be dominated by a different spin correlation function, i.e., the Kubo formula. Whereas a theoretical treatment is not available yet, the optical modes may be expected to play a similarly important role. The optical modes might also explain the observation of a reduced magnon conductivity [27] .
To summarize, we measured the polarization of magnons in a collinear ferrimagnet and found quantitative agreement with theory. In complex materials such as YIG, the polarization information helps to identify different modes, which is an issue as many of the 40 predicted modes cannot be observed. We anticipate that valuable information can be gained from similar measurements on other ferrimagnets. For example, Gd 3 Fe 5 O 12 shows a sign change in the spin Seebeck voltage [28] in which modes with different polarization are thought to exist much closer together, although the large neutron absorption cross section of gadolinium will make measurements difficult. A magnon polarization analysis of rare-earth iron garnets could also help to understand the observed magnon spin currents [29] . In a magnetically soft material such as YIG, the magnon polarization is nearly circular; however, YIG is very amenable to doping, and magnetic anisotropies can be introduced. Strong anisotropies may couple magnons with opposite polarization, thereby causing ellipticity and anticrossings between optical and acoustic modes. This "magnon squeezing" [30] may be essential for applications of magnets in quantum information and can be measured by this technique. Observation of the magnon polarizations has thus demonstrated the importance of neutron scattering for the next generation 
